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436  nm  irradiation  of  the  [S^-L3Ru3(C0)g  yields  [$9“LRu(CO)3L  ,  but  0.05  M 
L1  =  PPh3  does  not  yield  [S^-LRu( CO) 3L‘ ,  in  contrast  to  the  solution  specie 
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(1)  the  -Ru(C0)i  centers  formed  photochemically  are  immobile,  remaining 
close  enough  to  reform  the  original  cluster  by  photochemical  extrusion  of  CO, 

(2)  each  Ru  of  the  Ru3  clusters  is  anchored  to  the  surface,  otherwise 
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[S9-LRu(C0)3  species  are  isolated  from  each  other  at  dilute  coverages. 
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Abstract: 

Functionalized  high  surface  area  (400  m  /g)  Si^,  [S3-LRu(C0)4  and 
[S3-L3Ru3(C0)g,  has  been  synthesized  by  reacting  [(EtO) ^iCt^CH^PPf^lR^CO)^ 
or  [(EtoI^SiQ^CH^PPh^Ru^QDg  with  S^.  The  photoexcitation  of 
[SJ-LRu(C0)4  and  [S3— L-^Ru^l C0)g  at  a  coverage  of  ~3  x  lO'1^  mol/cm^  of 
-Ru(C0)4  or  — Ru3(C0)g  yields  dissociative  loss  of  CO  from  the  mononuclear 
centers  or  metal-metal  bond  cleavage  for  the  trinuclear  species  as  judged  from 
the  photoproducts  formed:  [S}-LRu(C0)4  under  355  nm  +  20  nm  irradiation  yields 
[S9— LRu( CO) ’  (L'  =  ^C0,PPt^,  P(0CH2)3CCH2CH3)  when  suspended  in  isooctane  solution 
containing  0.05  M  L';  [S3-L3Ru3( C0)g ,  suspended  in  isooctane,  yields 
[S9~LRu(C0)4  when  irradiated  at  436  nm  under  1  atm  CO.  In  the  presence  of  0.05  M 
L'  =  P(0CH2) jCCF^CHj  436  nm  irradiation  of  the  [S3-L3Ru3(CO)g  yields  [S9-LRu(CO)3L ' 
but  0.05  M  L'  =  PPhg  does  not  yield  [S3-LRu(C0) 3L '  ,  in  contrast  to  the  solution 
species  [(EtO)3Si Q^C^PPI^^Ru^COig  that  gives  [(EtO^SiQ^Ch^PPt^lRuKO)^' 
for  L‘  =  CO,  PPh3»  or  P( OCh^^CCh^CHj  upon  436  nm  irradiation.  The 
[Sy-LRu(C0)4  formed  photochemically  from  [S9-L3Ru3(CO)g  undergoes  355  nm 
photoreaction  to  regenerate  [S9-L3Ru3(C0)g  when  isooctane  solutions  are  purged 
with  Nj  to  remove  CO.  The  [S 3— LRu( CO) ^  formed  by  reacting  Si O2  with 
[(EtO^SiC^C^PPhgjRuCCO)^  yields  loss  of  all  metal  carbonyls  from  the  surface 
and  no  detectable  [S9-L3Ru3( C0)g  under  an^punge.  In  no  case  are  ratal  carbonyl  species 
photochemically  released  into  solution;  the  Ru-P  bond  is  photoinert.  The 
photochemical  disassembly-reassembly  of  [S9-L3Ru3(C0)g  establishes  that 

(1)  the  -Ru(C0)4  centers  formed  photochemically  are  immobi le,  remaining  close 
enough  to  reform  the  original  cluster  by  photochemical  extrusion  of  CO; 

(2)  each  Ru  of  the  Ru3  clusters  is  anchored  to  the  surface,  otherwise  recovery 
of  [S9-L3Ru3(CO)g  would  be  poor;  and  (3)  -Ru(C0)4  centers  on  [$3-LRu(C0)4  formed 
from  [(EtO^SiQ^Ch^PPI^jRuCCO)^  are  sufficiently  isolated  to  prevent  cluster 
formation  and  thus  the  photogenerated  16-valence-electron  [S3-LRu(CO)3  species 
are  isolated  from  each  other  at  dilute  coverages. 
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Photoactivation  of  homogeneous  organometall ic  catalysts  by  light-induced 
extrusion  of  2-electron  donor  ligands  or  metal -metal  bond  cleavage  has  been 
demonstrated.^*8  A  problem  that  has  arisen  is  that  the  reactive  solution 
species  can  recombine  with  the  extruded  ligand  or  can  react  with  each  other 
to  form  inactive  clusters.^  We  now  report  the  synthesis  and  photochemical 
behavior  of  LRu(C0)4  and  l_3Ru3(C0)g  confined  to  the  surface  of  hiqh 
surface  area  silica.  The  results  illustrate  that  immobilization  of 
precursors  to  coordinatively  unsaturated  species  prevents  cluster  formation, 
when  the  surface  coverage  is  sufficiently  low.  Further,  photodeclusterification  of 
anchored  L3Ru3(C0)g  is  reversible  due  to  the  immobilization  of  the  fragments. 
Equations  (l)-(4),  each  having  precedence  in  the  literature,^"8"8  outline 

Ru3( CO) i 2  (Et0)3SiCH2CH2PPh2  *  [(EtO)3SiCH2CH2PPh2]3Ru3(CO)g  (lj6'7 

[(EtO)3SiCH2CH2PPh2]3Ru3(CO)g  -  [Sj-L3Ru3( C0)g  +  9EtOH  (2)8 

lb.6*7 

[(EtO)3SiCH2CH2PPh2]3Ru3(CD)9  ^  YJtm  *  [(EtO)3SiCH2CH2PPh2]Ru(CO)4  (3) 
[(EtO)3SiCH2CH2PPh2]Ru(CO)4  >  [S^-LRu(C0)4  +  3Et0H  (4)8 

the  procedure  used  to  anchor  LRu(C0)4  and  l_3Ru3(C0)g  to  the  surface  of  high 
2  9 

surface  area,  400  rrr/g,  Si 02  (Alfa).  The  key  to  the  preparation  of 
the  surface-confined  LRu(C0)4  and  L3Ru3(C0)g  is  to  use  the  phosphine  ligand 


\ 

i 

j 
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( EtO) 3S i CH2CH2PP^2  (Strem)  to  prepare  the  derivatives  of  Ru^CCO)^;  similar 
reagents  have  been  prepared  using  PPh^Me  as  structural  and  spectral  models, 

Table  I.^’7  The  (EtCO^Si—  functionality  allows  the  covalent  attachment  of 
the  Ru  species  to  the  Sii^  surface.  We  use  [S3-LRu(C0)4  and  [S}-L3Ru3(C0)9 
to  represent  the  two  systems.  Infrared  and  uv-vis  spectra 

Table  I,  and  elemental  analyses  clearly  establish  that  metal  carbonyl  moieties  can  be 
confined  to  Si02*  There  is  a  rather  significant  change  in  the  relative 
intensities  of  the  infrared  features  upon  reaction  to  anchor  Ru(C0)4L  and 
Ru3(C0)9L3  to  the  surface.  Metal  carbonyl  absorptions 

in  the  CO  stretching  region  are  very  sensitive  to  local  structure.  The  uv-vis 
spectra  of  the  [S3-LRu(C0)4  and  [S}-L3Ru3(C0)9  accord  well  with  solution 
absorption  spectra  of  Ru(C0)4L  and  Ru3(C0)9L3,  Table  I. 

From  elemental  analyses  the  key  elements,  Ru  and  P,  are 

present  in  a  ratio,~l/l ,  thHt  is  consistent  with  the  retention  of  the  species 

claimed.^  From  the  analyses  the  cover&ge  ('-S1  x^'lG  ^  mol/cm't)' 
is  less  than  what  would  be  reqarded  as  a  monolayer  (-10  mol  /cm  ),  assuming 
that  the  coverage  is  uniform.  Since  the  anchoring  group  is  (EtO)3Si  — , 
the  Ru  species  may  be  anchored  to  the  surface  in  polymeric 

O 

amounts,  but  the  low  coverage  tends  to  rule  out  extensive  polymerization. 

We  shall  assume  that  the  coverage  is  uniform  and  that  extensive  polymerization 
does  not  occur.  Photochemical  results  described  below  are  consistent  with 
this  assumption. 

Paralleling  results  reported  earlier  for  Ru(C0)4PPh3  and  Ru3(C0)9(PPh3)3  J*3 
the  photochemistry  of  [(EtO^SiCf^CHjPPl^lRiKCO^  and 
[(Et0)3$iCH2CH2PPh2]3Ru3(C0)9  is  represented  by  equations  (5)-(7).^ 


[(EtO)3SiCH2CH2PPh2]Ru(CO)4 

\ 


355  nm  ±  20  nm 
L1  =  PPh3,13C0, 

P(0CH2)3CCH2CH3 


[( EtO) 3Si CH2CH2PPh2]Ru(CO) 3L‘  +  CO 

(5) 


\  355  nm  ±  20  nm 
toluene,  ^-purge 


3[(Et0)3SiCH2CH2PPh2]3Ru3(C0)9  +  CO 


(6) 


3[(Et0)3SiCH2CH2PPh2]Ru(C0)3L' 


[(Et0)3SiCH2CH2PPh2]3Ru3(C0)9  pTp^ocRjy^cfeHj" 


The  results  are  consistent  with  dissociative  loss  of  CO  from  the  Ru(C0)4L 

(L  =  PPh3>  PPh2R  (R  =  alkyl))  species;  the  quantum  yield  at  366  nm  is 

0.40  +  0.05  for  reaction  according  to  (5)  for  L'  =  PPh3,  P(OCH2)3CCH2CH3 

at  0.1  M  in  degassed  toluene  solution  at  25°C.  The  photoreaction  of 

Ru3(C0)gL3  is  consistent  with  Ru-Ru  bond  cleavage  as  the  prompt  result  of  excited 

state  decay.  The  quantum  yield  for  the  reaction  represented  by  equation  (7) 

_3 

at  an  L'  concentration  of  0.1  M  in  toluene  is  ~10  for  436  nm  excitation. 

Fortunately,  the  Ru^(C0)QL,  species  absorb  at  lower  energy  490  nm, 

2  y  j  fnaX 

c  =  14,000)  than  do  the  Ru(C0)^L  species  (^max::  260  nm,  e  =  9000)  allowing 
completely  selective  excitation  of  the  Ru3(C0)gL3  in  the  presence  of 
large  concentrations  of  Ru(C0)^L. 

Irradiation  of  [S-9— LRu( CO) ^  and  [S9-l_3Ru3( C0)g  suspended  in  degassed 
isooctane  solutions  results  in  chemical  changes  consistent  with  dissociative 
loss  of  CO  from  the  mononuclear  species  and  metal-metal  bond  cleavage  of 
the  trinuclear  species.  Scheme  I  summarizes  the  chemistry 
that  has  been  done.  Irradiation  of  [S5~LRu(C0)^ 

suspended  in  degassed  isooctane  containing  0.05  M  PPh3  or  P(0CH2)3CCH2CH3 

gives  infrared  spectral  changes  consistent  with  the  formation  of  [S-3— LRu( CO) 3L '  , 

where  L  and  L'  are  trans,  axial  ligands  as  in  the  Ru(CC^JJ  complexes.  Table  I ,  since 

there  is  only  one  infrared  absorption  in  the  CO  stretching  region.  Tie  k^  fact  is  that  tie  spectral 

changes  acconpanying  the  irradiation  cf  [S-9— L Ru(C0)^  in  tie  presence  of  L'  reveal  a  single  CO 

stretch  at  a  position  very  close  to  that  for  [(EtO)3SiCH2CH2PPh2]Ru(CO)3L' 

formed  photochemically.  The  conversion  is  clean  and  gives  a  good  yield  of 

the  [s9-LRu(CO)3L-  based  on  the  relative  absorptivities  of  Ru(C0)4L  and 

Ru(C0)3LL'.  The  irradiation  of  [S9-L-,Ru3(  C0)g  in  the  presence  of  L'  = 


LRu(CO) 


P( OCH2)  -jCCH^CH^  yields  an  infrared  spectral  change  to  give  a  single  CO 
stretch  in  exactly  the  same  position  as  for  [S^-LRuCCOJjL'  formed  by 
irradiation  of  [S}-LRu(C0)4.  Thus,  the  surface-confined  cl  uster  appears  to  undergo 
metcfl-m^al  bond  cleavage  upon  photoexcitationjparaTleling  the  solution  analogue. 

An  important  finding  relates  to  the  photochemistry  of  the  [S3-LRu(CO)4  formed 
from  irradiation  of  [S^-LjRu^ C0)g  under  CO.  As  illustrated  in  Figure  1  , 

436  nm  irradiation  of  [S^-URu-^COjg  under  1  atm  CO  yields  a  spectrum  identical 
to  that  for  [S}-LRu( C0)4  synthesized  according  to  equation  (4). 

The  key  finding  is  that  355  nm  irradiation  of  the  photogenerated  [S9-LRu(CO)4 
while  purging  out  CO  leads  to  the  nearly  quantitative  regeneration  of  the 
[S-J-LjRujlCOg.  in  sharp  contrast,  355  nm  irradiation  of  [S9-LRu(C0)4  formed 
by  the  procedure  in  equation  (4)  yields  loss  of  all  metal  carbonyl  absorptions 
under  the  same  conditions,  and  we  find  no  evidence  for  the  formation  of  [Si-LgRug(CO) 
The  difference,  as  illustrated  in  Scheme  I,  is  that  [S^-LRu(C0)4  from  synthesis 
by  equation  (4)  yields  -Ru(C0)4  centers  that  are  statistically  far  apart 
from  each  other  compared  to  the  -Ru(C0)4  center  from  the  436  nm  irradiation  of 
[S^-L^Ru^COjg  under  CO.  The  nearly  quantitative  photochemical 
disassembly-reassembly  of  the  [S-3— L^Ru2( CO) g  system  establishes  several  important 
facts:  0)  the -Ru(C0)4  centers  formed  photochemically  are  immobile,  remaining 
close  enough  to  each  other  to  reform  the  original  cluster  by  photochemical 
extrusion  of  CO;(2)  each  Ru  of  the  Rug  species  Is  anchored  to  the  surface  via 
the  —  SiCHjC^PPI^  ligand,  otherwise  the  recovery  of  [S^-L^Ru^COjg  would  be 
poor;  and  (3)  the  -Ru(C0)4  centers  attached  according  to  equation  (4)  are 
sufficiently  isolated  to  prevent  cluster  formation  even  though  CO  is  ejected 
photochemically  (Figure  1);  thus,  photogenerated  16- valence-electron 
CS-3—  LRu( CO) 3  species  can  be  persistently  isolated  from  each  other  when  the 
coverage  is  dilute.  In  no  case  do  we  find  photochemical 
extrusion  of  Ru  carbonyl  species  into  the  hydrocarbon  solution;  the  Ru-P 
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bond  is  photochemically  inert,  as  reported  earlier  for  R^CO^PPh^  and 
related  complexes.^ 

The  photochemistry  of  [S3-L3Ru3( C0)g  departs  from  that  of 

its  solution  analogue  in  that  irradiation  in  the  presence 

of  L'  =  PPh^  fails  to  produce  [S}-lRu( CO) 3L'  as  would  be  expected  based  on 

the  ability  to  photochemically  form  [(EtO)3SiCH2CH2PPh2]Ru(CO)3L'  from  the 

trinuclear  species.  However,  irradiation  of  [S9-L3Ru3(C0)g  in  the  presence 

of  L'  =  CO  or  P(OCH2)3CCH2CH3  rapidly  and  cleanly  yields  [S3— LRu( CO) '  -  The 

conclusion  is  that  the  closely  spaced,  iimobilized  Ri  atoms  in  [S^-LjRli^CO^  are  much 

more  structurally  demanding  precluding  reaction  with  a  large  ligand  such  as 

PPh^  (cone  angle  =  145°f  whereas  a  small  ligand  like  CO,  or 

P(OCH2)3CCH2CH3  (cone  angle  =  100?)^2  can  yield  mononuclear 

products.  Preliminary  studies  show  that  [S^-LRu(CO)^  and  [S}-L3Ru3( C0)g  each 

yield  different  distributions  of  alkene  photocatalysis  products  under 
lb  1b 

isomerization  or  hydrosi lation  conditions  compared  to  their  solution 
analogues,  consistent  with  different  structural  demands  at  the 
photogenerated  sites.  These  results  will  be  reported  subsequently. 
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9.  High  surface  area  SiO,  (400  m  /g)  purchased  from  Alfa  was  pretreated  by 

^  -2 

heating  at  ~250°C  under  vacuum  (10  torr)  for  48  h.  A  typical  preparation 
of  [S-3—  LRu( CO)^  (yellow)  or  [S9-L.jRug(C0)g  (red)  involves  the  suspension  of 
-1  g  of  pretreated  S^  in  toluene.  Excess  [(EtOKSiO^^PPf^lRufCOj^  or 
[(EtOjjSiCHgCHgPPI^ljRu^COjg  is  added  and  the  suspension  stirred  at 
25°C  for  24  h  under  No.  The  solid  is  collected  by  filtration  and  washed 
repeatedly  with  toluene,  dried  under  vacuum  and  stored  under  N2.  Control 
experiments  using  Ru( CO^PPh^Me  or  Ru^CO^PPI^Me)^  as  the  derivatizing 
reagents  yield  no  surface-confined  metal  carbonyls  yielding  only  white, 
underivatized  after  washing  with  toluene. 

10.  The  elemental  analysis  of  [S9-LRu(C0)^  is  1.57%  Ru  and  0.39%  P  (%’s  are 
Vs  by  weight)  giving  an  atom  ratio  Ru/P  close  to  the  expected  1/1.  The 


- 1 1  2 

coverage  is  thus  3.9  x  10  mol/cm  ,  assuming  the  surface  area  to  be 
2 

400  m  /g.  The  elemental  analysis  of  [S}-L3Ru3(C0)g  is  3.29%  Ru  and 

0.95%  P,  again  giving  a  Ru/P  atom  ratio  close  to  the  expected  1/1  and 

-11  2 

a  coverage  of  2.7  x  10  mol/cm  .  Elemental  analyses  were  performed 
by  Galbraith  Laboratories. 

Irradiations  were  carried  out  using  a  GE  Black  Lite  for  355  nm  +  20  nm 
or  a  Hanovia  450  W  medium  pressure  Hg  lamp  with  Corning  glass  filters  , 
to  isolate  the  366  or  436  nm  emission. 

Tolman,  C.A.  Chem.  Rev.,  1977,  77,  313. 
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Measured  in  a  KBr  pellet. 


Figure  1.  Representation  of  infrared  spectral  changes  associated  with  the 

436  nm  irradiation  of  [S]-L3Ru3(C0)g  (l)  under  1  atm  CO,  suspended  in  isooctane 

to  yield  [S]-LRu(C0)4  (2).  The  irradiation  of  the 

photogenerated  [S-3—  LRu( CO) ^  for  10  h  with  355  nm  +  20  nm 

light  while  purging  the  isooctane  suspension  with  Nj  leads  to  the  nearly 

quantitative  regeneration  of  [S9— L^Ru-^( CO) g>  spectrum  (3).  Spectra  are  for 

[S^-LRu(CO)4/[S9-L3Ru3(CO)g  in  KBr  pellets  typically  prepared  by  intimate 

mixing  of  0.01  g  of  the  powder  with  3.0  g  of  KBr.  Pellets  of  -0.4  g  are 

pressed  at  20,000  psi  to  give  1.0  cm  diameter,  -0.4  mm  thick  disks. 
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